Abstract-In this paper, we tackle t h e problem of theoretical evaluation for t h e multistage parallel interference cancellation (PIC) scheme in a DS-C D M A system w i t h orthogonal modulation a n d long scrambling codes. The studied system operates o n t h e reverse link in a time-varying multipath Rayleigh fading, channel. By applying the Central Limit T h e o r e m to multiple access interference (MAI) a n d intersymbol interference (ISI), as well as identically distributed chips from a single interferer, t h e bit error rate (BER) performance of the PIC scheme at any stage can be recursively computed from the signal-to-noise ratio, number of users, the n u m b e r of paths per user, processing gain of t h e C D M A system, as well as t h e average received power of each path. T h e proposed approximative analysis is validated by the MonteCarlo simulations and proved to be accurate, and it gives insight into the performance a n d capacity one c a n expect from the PIC based receivers u n d e r different situations.
I. INTRODUCTION
The system under study is an uncoded asynchronous D S CDhlA system with orthogonal signaling formats. The transmitted chip sequence from a particular user is the concatenation of one of Ad possible Walsh sequences ( r e p resenting the transmitted symbol) and a long scranibling code. The Walsh (Hadamard) code is employed for combining the advantages of spreading and coding to achieve improved performance for spread spectrum (CDMA) systems.
The performance of orthogonal modulat,ed DS-CDMA system with noncoherent and coherent combining was evaluated analytically in [1,2] and in [3] respectively. The performance of interference canceler for short-code CDMA systems with BPSK signaling was investigated, e.g., in 14-61. An adaptive multistage PIC scheme was analyzed in [4] , and a closed form expression for %ER performance is presented for the system operating over AWGN channels. The BER expressions are extended to derive asymptotic limits on the perforniance of interference cancellation as the number of cancellation stages approaches infinity, denionstrating a fundamental limit on the performance that c m be expected from the multistage PIC scheme. In [5], an analytical BER expression for an adaptive niultistage interference canceler was presented using an improved Gaussian approxirnation. The inclusion of second order statistics of MA1 allows better performance prediction in cases where interference power has a random distribution, and it can be used to evaluate the perforniance of niultistage PIC in arbitraq fading environments.
Howcverl to our best knowledge, no results on the performance aiialysis of PIC for long-code CDhIA systems in general, and PIC for orthogonal modulated CDhIA systems in particular are available in the existing literature. The previous performance evaluation only relied on the use of siniulation techniques. In this paper. we provide an analytical approach to assess the performance of PIC for the system in question. Fig. 1 shows the signal path for the user I;. The kih user j t h transmitted symbol is denoted hy & ( j ) E I1.2, ... , M } , and is mapped into w k ( j ) E { w l r wz,. . . , w,, . . . , w~} , which is one of the M orthogonal signal alternatives. The Walsh codeword Wk(j) E { + l , -l}&<, is then repetition encoded into sk(j) E {+l,-l}N so that each hit of the Wdsh codeword is spread (repetition coded) into !Vc = A'/M chips, and each Walsh symbol is represented by Ar chips. The Wklsh sequence s k ( j ) is then scrambled (randomized) by a scrambling code unique to each user to form the transmitted chip sequence ak(j) = ck(j)Sk(j) E {+1,-1}jV where c k ( j ) E { -l , O , + l } N x N is a diagonai matrix whose diagonal elements correspond to the scrambling code for the bth user's jih synibol. The purpose of scrambling is to separate users. In this paper, we focus on the use of long codes, e.g.. the scranibling code differs from symbol to symbol.
SYSTEM MODEL AND RECEIVER ALGORITHMS
The baseband signal is formed by pulse amplitude modulating a&) with a unit-energy rectangular chip waveform $(t). The baseband signal is then multiplied with a carrier and transmitted over a Rayleigh fading channel with Lk resolvable paths, having time-varying complex channel gains hk.i(2),hE.z(t): ..., h k , L * ( t ) and delays T k , i J k , z , . . . . T k , L k .
The received signal is the sum of K users' signals plus additive white complex Gaussian noise n(t). The received vector corresponding t o the kih user's jth symbol after frequency dowrr-conversion and chip matched filtering is de-noted as r(k,j) and can be written in vector form as
where thc columns of the niatrix A ( k , j) are delayed versions of the transmitted chip sequences a k ( j ) for I; = 1 , 2 , . . . , K , one coluinu per path. The length of the processing window Nk; is larger than the symbol inter-
to account for the asynchronous and nmltipath nature of the channel. The columns are weighted together by h ( j ) : whose elements are the path gains of all users' paths. The received vector r ( k , j ) can be written as the sum of four ternis: the signal of interest x k ( j ) h k ( j ) , the intersymbol interfereiice (ISI), the multiple access interference (MAI), and the noise represented by n(k>j), which is a vector of complex Gaussian noise samples with zero mean and variaiice N o . The columns of the matrix X,(j) are essentially shifted versions of the chips due to the ICth user's jih symbol, one column per path (the shift is determined by the path delay). The vector h k ( j ) = [hk,i(jT) hr,.a(jT) ." h k , i ( j T ) ' . . h r , .~, ( j T ) ]~ corresponds t o the channel gains of the kth user's paths, it is a part of h ( j ) .
The task of the receiver is to detect the information hits from all users, i.e., detect i k ( j ) for k = 1 , 2 , . . . , K given the observation r(k,j). The decision on the kih user's j t h symbol, is found as where zk(m) is the decisioii statistic from symbol matched filter (MF) or multiuser detector (interference canceler in our case), based on the coudition that the mih Walsh synibo1 is transmitted from user k.
With conventional MF, the soft decision is formed hy correlating the received signal with the M possible transmitted waveforms where xk,!,,,, denotes the transmitted chip sequence due to the kth useris jfh symbol Srom the lth path based on the hypothesis that the mth Walsh symbol is transmitted. It is formed hy sm scrambled vith Ck(j) and conrpensated with the path delay 'rk,L. This simple scheme is particularly useful in the heginning of the detection process when the estimates of the fadiiig chaunel are lacking, we must therefore carry out the detection ih a noncoherent manner. However, it has poor performance in multiuser environment since it considers multiple access interference (MAI) as additive noise and the knowledge about MA1 is not exploited in any way. An effective tool to increaye the capacity of interference-limited CDMA systems is multiuser detection (MUD), a method of jointly detecting all the users in the system. Among different MUD techniques, the multistage interference cancellation schemes are known to he simple and effective.for mitigation of MA1 in long-code DS-CDMA systems. For the purpose of this study, we consider the PIC scheme in-
The basic principle is that once the transmitted signals are estimated for all the users at the previous iteration, interference can be removed hy subtracting the estimated signals of the interfering users from the received signal r ( k , j ) to form a new signal vector r'(k,j) for demodulating the sigual transmitted from mer k, i.e.,
where r'(k,j) E CN* denotes the interference canceled versiou of r ( k , j ) after subtractiug the contributious from all the other users using decisjon feedback at the previous stage. The vector A(k,j)h(j) represents the estimated coutrihution from all the usem calculated by using the estimated data matrix A ( k , j ) and channel vector h ( j ) . The vector x k ( j ) h k ( j ) is the estimated contribution from all paths of user k. The soft decision with PIC is formed as 
THEORETICAL ANALYSIS

A . Performance analysis for non-coherent first stage
To evaluate the probability of error, without loss of generality, let us assume that the jfh symbol transmitted from the kfh user is the first Walsh symbol and the channel gain remains constant during one symbol interval. The decision statistic expressed in (2) can he reformed aS
where dk,l = iVhk,l, mk.,, i k ,~? and nr,l stand for the desired signal, contribution from MAI, ISI: and noise, respcctively.
In [Si, the long pseudonoise sequences were modeled as a random binary sequence which led to the strong justification of an accurate Gaussian approximation based on the central limit theorem. This is the approach we take here to compute the variance of mk. where y = N'P/u; is the average signal to interference plus noise ratio (SINR) per diversity branch.
B. Performance analyszs for multastage PIC
The performance of coherent comhining for singleuser Wary orthogonal systems wit11 space diversity was analyzed in [3] . Here we extend its application to the analysis of PIC schemes in multiuser environments.
Let us assume that the first Walsh symbol was transmitted froin the kth user. The decision statistic expressed in ( 
The factor of 1/2 is due to the fact that the Re(.) operation in equation (7) removes the noise and interference present in the imaginary part of the decision statistics.
Let us denote P$(z) as the probability that the receiver rides correct synibol decision for user I; at the pth stage conditioned on z, which is defined as z = A. It is the probability that z t ) ( l ) = d + np' is larger than cach of the other A1 -1 outputs $'(2) = nt',zk@'(3) = n y ; . . . , zp(nr) = ng) [9] : lize some distinct feature of the Walsh code as depicted by Table 1 and II. The new vector r' is obtained by canceliiig other user's distribution path-by-path usiiig the decision feedback from the ( p -l ) t h stage. At the pth stage, the probability of correct, cancellatioil is PAP;' ) = 1 -where the fuuction Q(z) is defined a y Q ( x ) = $erfc(%). The int,erference plus noise variance at the pth stage is defiiied as i u 2 i ( P ) = iu?)(P) + (u?i(P) + U?. The noise term does not change between iteratious aiid can he computed as U: = N h r o~~, Ihk, il2. In the derivation of the variance of BIAI. which changes at. each iteration due to interfererice cancellation, we uticaiicellatioii residual) is of course zero. On the other hand, in case of erroiieous cancellation, which occurs with probability PFG1)l the cancellatioil residual is determined by the difference of two distinct IValsh symbols. Table I1 indicates that if a Walsh codeword is subtracted by another Wdsh codeword. the resulting word A w contains number of zeros and 9 number of +2s. Although Table I1 is uot exhaustive. the rest of the words can be easily computed from Table I The variance the total IS1 term can therefore be coiiiputed for all k. Perfect slow power control is assumed in the sense that P k = Cf:, 9 . 1 , the average received power, is equal for all users. Different paths are assumed to have equal gain and the channel coefficients are normalized so that each user has unity gain, i.e., %,I = Pk.2 = ... = P~> L~ and P k = C:, Pk,, = 1. For simplicity, the simulated system is assumed to be chipsynchronous, i.e.: all path delays are assumed to be multiples of T,. However, the system is asynchronous on the symbol level. The simulation results are averaged over random distributions of fading., noise, delay: and scrambling code through nunierow MoiiteCarlo runs. Noncoherent equal gain combining is used for the first stage of the PIC scheme to account for the fact that chaiine1 estimates are not yet available at the initial iteration. In the following stages, both interference cancellation and channel estimation are carried out in decision directed mode using the detected data from the previous iteration.
Channel estimation is conducted with the hlaxhnum Likelihood algorithni introduced in [7] . Figures 2 -4 shows the comparison between analytical ) and simulated results for different number of users. The simulated curves precisely match the theoretical ones for the first noncoherent stage, which proves that Gaussian a p proximation is accurate to model MA1 and IS1 sequeaces as well as the elements of each iiiterference sequence in long-code systems. The analysis starts to deviate slightly from simulations, but is still fairly accurate; after the first noncoherent stage. The theoretical analysis is a little pessimistic when the system is too lightly loaded: and a little optimistic when the system is too heavily loaded. From both simulation and analysis, one can observe that it takes P I C more stages to converge as K increases (the system becomes more heavily loaded). Seven stages (excluding the first noncoherent stage) ought, be enough for the system to reach convergence in any case. System capacity is illustrated in Figure 5 by plotting BER as a function of the number of users using both analytical and simulated results. It is clearly shown that andysis is in close agreement with siniulat.ion for BER above However, the analysis tends to over-estimate the MA1 when the number of users is very small. Conversely, the MA1 is under-estimated when there are too many active users. Compared with the topmost curve which represents the first noncoherent stage, the subsequent PIC stages significantly increase system capacity and BER performance as indicated by both analysis and simulation.
L
Comparison between analysis and simulation is presented in this section. In our simulations, each user transmits one of II.1 = 8 Walsh codes spread to a total length of N = 64 chips. The effective spreading of the syst,em is hrf log, II.1 = 64/3 chips per bit. Different users are separated by different scrambling codes C k ( j ) which are random, and differ from symbol to symbol. Channels are independent Rayleigh fading channels. The normalized V. CONCLUSIONS BER performance of the multistage PIC scheme is t h e e retically analyzed in this paper for the orthogonally modulated long-code CDAIA system under frequency selective Rayleigh fading channels. comparison with the simulated results shows that, the analysis is fairly accurate. A close agreement is seen between analysis and simulation in most to over estimate MA1 in very lightly loaded systems: and under estimate MA1 in very heavily loaded system. Considering the fact that the target BER. for an uncoded system is usually above lo-', our analytical results are quite satisfactory. The presented analytical method provides an effect,ive measure to predict BER performance and system capacity for the PIC scheme under investigation. 
